Introduction
Fluorine-19 ( 19 F) and 1 H double-nuclei magnetic resonance (MR) imaging has many advantages in imaging the distribution or metabolism of 19 F-containing drugs because 19 F has a relatively high MR signal compared to other nuclei and is acquired with no background signal. 1, 2 Most 19 F imaging studies have been conducted using tunable singletuned radiofrequency (RF) coils developed for 19 F/ 1 H imaging because the gyromagnetic ratios of 19 F nuclei (40.05 MHz/T) and 1 H nuclei (42.58 MHz/T) are very close. [3] [4] [5] However, retuning the RF coil during in vivo animal experiments is time consuming, and differing distributions of the RF fields between 19 F and 1 H are inconvenient for quantifying 19 F distribution using the 1 H sensitivity map. Many double nuclei studies have been using double-tuned RF coils with shunting method and multiple poles circuits, methods developed for 2 resonant frequencies that are well separated, such as combinations of 1 H and 31 P (17.24 MHz/T) and 1 H and 13 C (10.71 MHz/T). Therefore, these methods are not well suited for 19 F/ 1 H imaging because they use impractical capacitors and inductors in the multiple pole circuit. 6 -9 A 19 F/ 1 H double-tuned RF coil fabricated using a coupled resonator method was recently developed for small-animal imaging at 4.7T. 10 However, this method cannot be applied to the much larger inductance of a sample coil at higher magnetic fields, such as over 200 nH in, for example, a solenoid coil for animals or a surface coil for humans, because the capacitors in the coupled resonator circuit become impractical (below one pF), and it is difficult to adjust the capacitance.
To overcome this problem, we developed a double-tuned RF coil for 19 F/ 1 H imaging using a novel circuit method to double tune. The double-tuned RF coil consists of 3 parallel-connected series inductor capacitor (LC) circuits. We also demonstrated 19 Flabeled drug distribution monitoring using a rat at 7 tesla.
Materials and Methods
Developed double-tuned RF-coil Figure 1 shows the equivalent circuits of the double-tuned RF coil using a novel circuit method to double tune. Each equivalent circuit consists of 3 parallel-connected series LC circuits (with resonant frequencies of f A , f B , and f C ) each having inductors (L A , L B , and L C ) and capacitors (C A , C B , and C C ). The L A and C A are the equivalent inductor and capacitor of a sample coil. These circuits were designed so that the 2 resonant frequencies (f LF and f HF ) of the double-tuned coil are sandwiched between the 3 resonant frequencies of the series LC circuits:
The impedance Z S and resonant frequency f S of a series LC circuit can be written as:
where f is the input frequency and C S and L S are the capacitor and inductor of the series LC circuit. The series LC circuit behaves like a capacitor CA at a lower frequency than the f S of the series LC circuit. Similarly, a series LC circuit behaves like an inductor LA at a higher f S than the resonant frequency of the circuit. Its impedance Z S A can be written as:
Thus, its CA and LA, as a function of frequency, are
Therefore, the designed circuit tuned to Eq. [1] behaves as shown in Fig. 1b and c when fed by f LF and f HF RF signals, and the circuit is resonant at 2 resonance frequencies. Quantitatively, f LF and f HF are expressed as:
where L B A, C A A, and C C A are the inductor and capacitor when fed by the f LF signal, and L A AA, L B AA, and C C AA are the inductor and capacitor when fed by the f HF signal given in Eqs. [6] and [7] . In this study, the circuit in Fig. 1 was implemented at 7T for 19 F imaging at 282 MHz and 1 H imaging at 300 MHz with an 8-turn solenoid coil. The solenoid coil, fabricated with 0.1-mm-thick Cu tape, was 65 mm in diameter and 125 mm long. The inductance of the coil L A was about 1600 nH. The f A was determined as 291 MHz, the f B as 231 MHz , , and the f C as 351 MHz. The L B , L C , C B , and C C were calculated in accordance with Eqs. [6] , [7] , [8] , and [9] . As a result, the L B was 67 nH, and the L C was 83 nH. The C A was 0.19 pF, the C B , 3.0 pF, and the C C , 5.7 pF. The C A was calculated to be below one pF, but this capacitance is practical in a sample coil. In general, the sample coil is designed to be larger to detect MR signals. On the other hand, the circuit to double tune must be designed to be smaller to suppress the coupling between its circuit and the sample coil. Therefore, compared with the circuit to double tune, the sample coil had enough space for the insertion of several capacitors (>one pF) in a series at regular intervals so that the effective capacitance became C A . Thus, this double-tuned RF coil was tuned to resonate at both resonant frequencies of 19 F and 1 H at 7T.
Impedance matching is performed by 2 methods. Figure 2 shows the matching circuits of this double-tuned RF coil, where R is coil resistance. To adjust each impedance matching, the frequency difference of f A and f B or f A and f C is changed. To adjust the entire impedance, reactance from the feed point is adjusted so as not to change the total reactance of the series LC circuit. When the input impedance Zi to be matched is higher than 50 ³, the L C is split into L C1 and L C2 , and a capacitor C D is added to minimize the change in the series resonant frequency (f A , f B , and f C ) (Fig. 2a) . When the Zi to be matched is lower than 50 ³, the C C is split into C C1 and C C2 , and C D is added (Fig. 2b) . In this case, we used Fig. 2a for impedance matching.
Computer RF coil simulation
We numerically simulated the characteristics of the RF coil using our own program, which is based on Richmond's moment method. 11 The simulation model took into account the electromagnetic effect of the sample with an arbitrary geometry and material properties by incorporating the impedance method into the moment method. 12 We calculated the magnitude and phase of the input-impedance and sensitivity of RF coils with a sample (phantom). The sensitivity of a coil is defined by the circularly polarized B1 field strength generated by the coil when a signal of one W was applied to it. For simulation at 7T, we used the RF shield because it reduces radiative losses. Its inner diameter was 210 mm and its length, 200 mm. The sample diameter was 40 mm and the length, 78 mm. The conductivity of the phantom was 0.6 S/m and the relative permittivity, 75 S/m.
Phantom and in vivo animal study
We used a 7T animal MR imaging system (Varian MRI System 7.0T/310/AS, Agilent Technologies Inc, Palo Alto, CA, USA), which was equipped with transmit/receive (TX/RX) 1 H and 19 F imaging channels, a one-kW RF amplifier, and a gradient coil (SGRAD 305/210/HD/S, Magnex Scientific Ltd., Abingdon, UK) with an inner diameter of 210 mm with maximum gradient strength of 200 mT/m and a linear region («6%) of 12.0 cm.
We prepared a homemade nanoparticle contrast agent, pouring 1.5 g of surfactant (Pluronic F-68, Sigma, Poole, UK) and 16 mL of phosphate-buffered saline (PBS) into a glass tube and mixing them with an ultrasonic homogenizer (Branson Digital SONIFIER II, Branson Ultrasonic Co., Wilmington, NC, USA: amplitude 44%, one second on/one second off, 5 min), then adding 2 mL of perfluoro 15-crown-5-ether (PFCE: Wako Pure Chemicals, Osaka, Japan) to the glass tube and mixing with the homogenizer (amplitude 44%, one second on/one second off, 5 min) to prepare the emulsion. The above process was done on ice. We measured the size distribution of the obtained PFCE nanoparticles using a laser diffraction particle size analyzer (Beckman Coulter, Inc., Fullerton, CA, USA) and determined the average diameter of the particles was about 100 nm.
For the phantom study, PFCE nanoparticles were added to enclosed 1.8-mL tubes (10 w/v%-0.01 w/ v%) and placed in a water (10 mM NiSO 4 /0.675% NaCl) bottle phantom. We obtained 1 All animal studies were conducted in accordance with guidelines for the care and use of laboratory animals of Hitachi Central Research Laboratory. Figure 3a shows a simulation model of the double-tuned 8-turn solenoid coil using a novel circuit method. The L B was 29 nH, the L C1 , 43 nH, and the L C2 , 30 nH. The C A was 0.14 pF, the C B , 2.9 pF, the C C , 7.6 pF, and the C D , 16 pF. The C A is effective capacitance constructed by a series connecting the 28 capacitors. Figure 3b shows the simulated frequency characteristics of the double-tuned solenoid coil with the phantom. Two resonance points were observed at the resonant frequencies of 19 Figure 4a shows a fabricated double-tuned 8-turn solenoid coil. We used 10-mm-wide Cu sheets, 0.5-mm-diameter polyurethane-coated Cu wires, nonmagnetic chip capacitors (11 Series, Voltronics Corp., Denville, NJ, USA), and nonmagnetic variable capacitors (NMAP40HV, Voltronics Corp.; 1.5 to 40 pF). The L A was fabricated with 10-mm-wide Cu sheets of 65-mm diameter and 125-mm length, , and L C2 , the circuits, except L A , were designed to be smaller. Additionally, if the distance of each inductor was close, we placed inductors tilted at 90 degrees. Figure 4b shows the measured frequency characteristics of the coil with the phantom. As in the simulation, we observed 2 resonance points at the resonant frequencies of 19 F and 1 H, and the coil achieved impedance matching at both 1 H and 19 F frequencies in the experiment. The measured loaded/unloaded quality factors of 19 F and 1 H were 118/219 and 57/120. Note that the experimental results show the same tendency as the simulation, but the unload quality factor of the experimental results is clearly lower than that of the simulation results. In the unload experiment at high frequency, the quality factor was easily affected by each electromagnetic coupling between L A and other inductors (L B , L C1 , and L C ). Additionally, the frequency characteristic of the RF coil was affected by the coaxial cable. Therefore, matching the results of the simulation and experiment is difficult when unloaded.
Results

Simulation and experimental results of double-tuned solenoid coil
F/
1 H imaging Figure 5a shows 1 H and 19 F images of the phantom acquired using a fabricated double-tuned coil that we verified could receive 1 H and 19 F signals. Figure 5b shows the relationship between the nanoparticle concentration and measured signalto-noise ratio (SNR) of these coils. The SNR of these coils decreased linearly as PFCE concentration decreased, suggesting that the developed coil can be used to evaluate the accumulation of PFCE in a body. Figure 5c shows a 1 H image and 19 F time-course images of the rat acquired using a fabricated double-tuned coil. These images clearly show that the coil enables imaging of anatomical information by 1 H-MR imaging and drug distribution of PFCE emulsions by 19 F-MR imaging. The 19 F timecourse images show that the 19 F signal intensity increased for the liver and tumor tissues. We believe the increased signal intensity shows accumulations of PFCE nanoemulsion. These results suggest that this coil will be a powerful tool for measuring 19 F distribution.
Discussion
We demonstrated that the double-tuned RF coil we developed can double-tune in the 19 F and 1 H frequencies without below the one pF capacitor except the C A . The simulation results showed the relatively close sensitivity of our double-tuned coil to that of a single-tuned coil. With the conventional method, the double-tuned circuit is connected in a series to the sample coil, so the resistance component of the double-tuned circuit causes direct signal loss, and the sensitivity of the RF coil using the conventional-double tuned design method is reduced. 9 On the other hand, with this method, the double-tuned circuit (L B , L C , C B , and C C ) is connected in parallel to the sample coil and feeding point, so the resistance component of the doubletuned circuit is reduced. Thus, the sensitivity of our double-tuned coil is relatively close to that of a single-tuned coil.
We have demonstrated the double-tuned RF solenoid coil we developed for animal imaging at 7T. In fact, its design could be generally applied for humans as well. To prove the general application of our circuit, we implemented a typical coil for human imaging. Human body imaging employs a torso coil, which is based on a multi-surface coil. For example, the size of each surface coil is about 10 cm © 10 cm and its inductance, 270 nH. The resonant frequencies of 19 F and 1 H are 120 and 128 MHz at 3T. Figure 6a shows a simulation model of a double-tuned surface coil with a torso phantom (x = 352 mm, y = 232 mm, z = 304 mm, conductivity = 0.6 S/m, relative permittivity = 75). We simulated the double-tuned surface coil using computer RF coil simulation. We observed 2 resonance points at the resonant frequencies of 19 F (120 MHz) and 1 H (128 MHz) using L B = 40 nH, L C = 41 nH, C A = 6.3 pF, C B = 25 pF, C C1 = 60 pF, C C2 = 70 pF, and C D = 77 pF (Fig. 6b) . Figure 6c shows the measured frequency characteristics of a fabricated double-tuned surface coil with the phantom. The experimental results show the same tendency as with the simulation and indicate the applicability of the double-tuned coil in human cases.
This study suggests that our developed doubletuned RF coil can substantially improve the design of double-tuned coils for close frequencies. However, this design method has a limitation. For well separated frequencies, e.g., 31 P/ 1 H, the frequency of the LC series resonance circuit f B will be lower and that of f C , which is higher than the present construction. It follows that the inductance of these circuits will be very large (over one µH) and their capacitor will be very low (below one pF). However, it is difficult, or even impossible, to obtain a large value and a low-loss inductor and to adjust capacitance. Therefore, the developed double-tuned coil is suitable for close resonant frequencies, e.g., 19 F/ 1 H.
Conclusion
We developed a double-tuned coil for 19 F and 1 H imaging and demonstrated through computer simulation its sensitivity at 19 F/ 1 H resonant frequencies and its relatively close sensitivity to that of a single-tuned coil. In rats administered a PFCE emulsion, we demonstrated that the coil can monitor distributions of 19 F-labeled drugs. Finally, we demonstrated that our double-tuned coil design can be applied to human imaging through simulation. The results indicate that the developed double-tuned coil may be a powerful tool for 19 F and 1 H imaging. 
